It has been shown that injection of a minute electrical noise to an afferent input enhances the steadiness of force output, while reducing the variability of motor unit discharge intervals. To elucidate the involvement of alpha motor neurons in this noise effect, the effect of electrical noise injection into the soleus muscle (SOL) on the excitability of the alpha motor neuron group was examined. Nine young human subjects lying supine on a bed received a minute, subthreshold electrical whitenoise-like stimulation to the SOL. In each subject, a 20-min trial with noise (Noise) and another 20-min trial without noise as control (Con) were performed in random order. The H-waves and M-waves were successively elicited at 1 Hz during each trial. The results showed that the static properties (mean, standard deviation, and coef cient of variation) of H-wave and M-wave amplitude uctuations were not different between Noise and Con conditions (p > 0.05). On the other hand, the scaling exponent α, a dynamic property of the uctuation of H-and M-wave amplitude, decreased signi cantly under Noise condition in H-wave amplitude (p < 0.05), but was unchanged in M-wave amplitude (p > 0.05). These results indicate that application of electrical noise to the afferent input affects the dynamic properties of motor neuron excitability, thus supporting the notion that the motor neurons are involved in the effect of noise injection on the motor control system.
Introduction
A nonlinear system exhibits an enhanced response to a subthreshold input signal in the presence of minute noise [1] . There is an optimal intensity of noise below the activation threshold, a phenomenon known as stochastic resonance (SR). Based on the SR theory, arti cial noise has been applied to human sensory receptors such as the somatosensory receptor to enhance their function [2] [3] [4] [5] .
Our recent study [6] showed that injection of a minute electrical noise into an afferent nerve (tibial nerve) reduced force uctuation during an isometric force-matching task of plantar exion at 5% of maximal voluntary contraction (MVC) intensity. This nding shows that noise intervention also affects motor control in human subjects. As the steadiness of low-intensity force output is an important parameter for daily activities such as postural control [7] and ne hand work [8] , noise intervention to enhance motor control would be bene cial to frail individuals.
However, the detailed physiological mechanism underlying the noise intervention effect on motor control remains to be elucidated. One problem to be resolved is the site at which this noise effect actually takes place in the motor control system. A motor unit is composed of an alpha motor neuron and muscle bers innervated by this neuron. In our previous study using human subjects [6] , we found that uctuation of the motor unit discharge interval, a determinant of force steadiness, was attenuated by injection of electrical noise into the afferent nerve during a force-matching task at 5% MVC. A previous study demonstrated that the motor neurons in the spinal cord intrinsically showed considerable uctuation in inter-spike intervals, and this uctuation was attributed mainly to the synaptic noise that re ects random variations of the membrane potential [9] . The synaptic noise in that study was enhanced by stretching a muscle, and was suggested to be presynaptic in origin; i.e., a summation of small and rapid postsynaptic potentials asynchronously induced by impulses at the presynaptic terminals [9] . Based on these previous results, we hypothesized that the excitability of alpha motor neurons is stabilized by injection of electrical noise into Ia nerve bers, which transmit the afferent signals from the muscle spindles to the alpha motor neurons. It is possible that the arti cial noise transmitted above Ia neurons affect the motor neurons via the monosynaptic input, thus cancelling smaller intrinsic synaptic noise in the resting membrane potential of each neuron. In cat muscle, it has already been reported that the optimal level of mechanical (stretching) noise applied to the synergistic muscles (lateral gastrocnemius and soleus muscles) effectively enhances the H-wave amplitude in the medial gastrocnemius muscle, indicating the presence of the SR phenomenon in the motor system [10] . From the intracellular recordings of action potentials in the motor neurons, the authors attributed the SR effect to the postsynaptic interaction between the noise and the input signal in the motor neurons [10] . Therefore, the effect of applying electrical noise to the afferent nerve on the motor control system may be due to the interaction between noise and motor command in motor neurons.
The purpose of this study was therefore to determine wheth-er noise application to the afferent input affects the excitability of motor neuron groups in human subjects. We assessed the static and dynamic properties of excitability of the alpha motor neurons, with or without injection of arti cial electrical noise.
Method

Subjects
Four males and ve females (22-33 yrs) volunteered for this study. No subjects had experienced any neurological disease. This study was performed in accordance with the Declaration of Helsinki. The study protocol was approved by the Ethics Review Board, Ritsumeikan University Biwako-Kusatsu Campus. Each subject received an explanation of the nature and purpose of the study, and gave written informed consent to participate in it. The subjects were asked to avoid intense exercise, coffee, tea, and alcohol for 24 h before testing.
Experimental procedures
All measurements were completed in one visit to the laboratory. Each subject lay supine on a bed during the measurement. When each subject arrived at the laboratory, the location of the stimulation electrode (14 mm diameter, P-00-S, Ambu, Denmark) and the stimulation intensity of the electrical noise were determined. A pair of stimulation electrodes was placed at the lateral and medial portions of the soleus muscle (SOL), with the interelectrode distance made as long as possible for injecting the noise into the whole muscle belly ( Fig. 1(a) ). The test leg (right or left) was randomly assigned. The stimulation electrode was connected to a stimulator (SEN-7203, Nihon-Kohden, Japan) that outputs a white-noise-like electrical stimulation (unipolar rectangular pulse, frequency range 5-1000 Hz, pulse duration 0.5 ms) through an isolator device (SS-104J, Nihon-Kohden) [4] . The noise intensity was xed at well below the individual M-wave-generating threshold in SOL, and was also below the sensory threshold. The subjects all responded that they could not distinguish which was the trial with noise stimulation when they were asked after completing all measurements (two trials, one with and the other without noise stimulation, as explained below). On the other hand, in order to record H-re ex during noise stimulation, the tibial nerve of the test leg was electrically stimulated by a pair of surface electrodes. H-re ex is a common method to measure the excitability of alpha motor neurons. When the tibial nerve is stimulated by a given intensity of electrical current, the motor axons are activated and the action potentials (M-wave) are recorded by surface electromyography (sEMG) of the SOL ( Fig. 1(b) ). The electrical current also activates Ia bers and thus causes monosynaptic re ex response (H-wave) in the SOL, following the M-wave ( Fig. 1(b) ). As shown in Fig. 1(a) , the cathode (11 mm diameter, N-00-S, Ambu) was placed on the tibial nerve at the popliteal fossa, and the anode (75 mm × 47 mm, HV-BIGPAD, OMRON, Japan) on the anterior thigh, both connected to a stimulator (SEN-7203, Nihon-Kohden) through an isolator device (SS-104J, Nihon-Kohden). The stimulus was a unipolar rectangular pulse at 110% intensity of the M-wave generation threshold with a pulse duration of 0.5 ms. EMG bipolar electrodes (Ag/ AgCl, 4 mm diameter, 2 cm interelectrode distance) were xed to the posterior portion of the SOL, between the electrodes for noise injection ( Fig. 1(a) ). The reference electrode was placed on the lateral malleolus. The EMG signal was differentially ampli ed and high-pass ltered at 5 Hz (AB-610J, Nihon-Kohden). The EMG data were sampled at 10 kHz (PowerLab 16/30, AD Instruments, Sydney, Australia). For each subject, two 20-min trials were performed; one with noise-like electrical stimulation (Noise) and the other without as control (Con). The two trials were performed in random order, with a 20-min rest interval. During each trial, we elicited H-re exes consecutively at a frequency of 1 Hz (Fig. 1(b) ) [11, 12] . The peak-to-peak amplitude was determined for each of the M-and H-wave. Consequently, time series of peak-to-peak amplitude data (1200 points long) was obtained separately for Mand H-waves.
In our previous study [6] , the electrical noise was injected into the tibial nerve at the popliteal fossa. On the other hand, our pilot study revealed that simultaneous stimulation of the tibial nerve for both injecting electrical noise and eliciting the H-re ex failed to ensure a constant stimulation intensity for the H-re ex, as indicated by nonconstant M-wave amplitude. We therefore decided to apply noise stimulation to the muscle belly of the SOL, because other reports suggest that percutaneous electrical noise stimulation also affects the underlying proprioceptive receptors [4, 13, 14] . Another previous study [9] showed that the synaptic noise in the alpha motor neuron was enhanced by stretching a muscle via synaptic input, by activating the underlying muscle proprioception.
Data analysis
The static and dynamic properties of H-wave amplitude uctuation were evaluated under Noise and Con conditions. As measures of the static properties, the mean, standard deviation (SD), and coef cient of variation (CV) of the 1200-point data were calculated. On the other hand, as the time series of the H-wave amplitude has been shown to be fractal [11] , we employed detrended uctuation analysis (DFA), a fractal analysis [15, 16] , to assess the dynamic properties of the uctuation. The DFA was a modi ed root mean square analysis of a random walk, speci cally developed for biological data that quanti es the scaling exponent α for the integrated time series [15, 16] . The same measures (mean, SD, CV, and scaling exponent α) were calculated for the time series of M-wave amplitude to assess whether the changes in the static and dynamic properties of the H-wave amplitude uctuation were accounted for by those of M-wave amplitude. In addition, surrogate H-wave data created by randomly shuf ing the order of the original sequences were also analyzed by DFA to con rm whether the result of DFA actually re ects its dynamic property.
In the statistical analysis, the normality of data distribution was checked by a Kolmogorov-Smirnov test. As a result, a Wilcoxon signed-ranks test was performed to compare each measure between Noise and Con conditions. Statistical signi cance was set at p < 0.05. Descriptive statistics included the group mean and SD.
Results
As summarized in Table 1 , the mean, SD, and CV of the H-wave amplitude were not different between Noise and Con conditions (p > 0.05). There were also no differences in mean, SD, and CV of the M-wave amplitude. Thus, noise injection did not change the static properties of the H-wave or M-wave amplitude.
The DFA for the H-wave amplitude showed that the scaling exponent α decreased signi cantly under Noise condition [0.96 (0.09) and 0.91 (0.05) for Con and Noise, respectively, T = 5, effect size d = 0.69, p < 0.05] (Fig. 2) . On the other hand, α was not different between Con and Noise conditions for the M-wave amplitude (p > 0.05). The α value for the shuf ed H-wave time series was close to 0.5 under each condition, with no signi cant difference (p > 0.05). These ndings indicated that the shuf ed time series were random white noise under each condition, with no relationship between consecutive data points. Thus, the result for shuf ed data con rmed that the difference in α for the H-wave amplitude actually re ects the difference in the dynamic properties of the uctuation between the two conditions.
Discussion
In the present study, the effect of noise injection into the SOL on the excitability of the alpha motor neuron group was studied in young human subjects. The results showed, for the rst time, that noise injection changed the dynamic properties of H-wave amplitude uctuation but did not change its static properties (mean, SD, and CV). It may be argued that the small number of subjects may have affected the statistical results of the present study. A previous study on seven subjects whose age distribution was similar to the subjects of the present study revealed a signi cant effect of noise application on the static measures of the motor control system, such as CVs of force uctuation and motor unit inter-spike interval during force-matching task [6] . It is therefore unlikely that the non-signi cant changes in static properties of the M-or H-wave amplitude time series by noise injection ( Table 1) was due to an insuf cient number of subjects.
Another concern is that the change in H-wave dynamic property observed in the present study was due to the changes in electrical properties of the muscle membrane or neuromuscular junction. Regarding this point, we demonstrated that the static and dynamic properties of M-wave amplitude, which re ect the electrical properties of the muscle membrane and neuromuscular junction, were not different between Noise and Con conditions. These results therefore indicate that the change in the dynamic property of H-wave amplitude uctuation was not due to the muscle membrane or neuromuscular junction, but actually re ects changes in the excitability of motor neurons ( Table 1) .
In the DFA, when the scaling exponent α equals 0.5, the original time series is considered a white noise. The 1/f uctuation (pink noise) and brown noise have α = 1 and α = 1.5, respectively [15, 16] . Therefore, the present result showing that the electrical noise reduced the averaged α value from nearly 1.0 indicated that the H-wave amplitude uctuation shifted from pink to white noise. As the physiological mechanism and meaning of pink noise in the physiological parameters remain to be elucidated, how much the change in the α value in the present study in uences the physiological parameters of the motor control system cannot be determined. However, it should be noted that the dynamic property of the uctuation of H-wave amplitude; i.e., the excitability of the alpha motor neuron group, differed between the Noise and Con trials, providing evidence that the noise injection procedure actually affects the excitability of the alpha motor neuron group. Previous study has shown that the H-wave amplitude in the cat medial gastrocnemius muscle was enhanced by the optimal intensity of mechanical noise applied to the peripheral synergistic muscles, due to the postsynaptic interaction between in- put noise and monosynaptic re ex input in the alpha motor neurons [10] . Generally, the receptor potential of sensory neurons is converted to action potential at the trigger zones of the axon [17] . Therefore, it can be speculated that, in the present study, the impulses of arti cial electrical stimulation are transmitted from the large-diameter peripheral afferent nerves located under the stimulating electrodes, converted to afferent action potentials at the trigger zones of axons with random discharge intervals, and nally transmitted to the motor neurons via monosynaptic input. Thus, the dynamic property of noise stimulation (whitenoise-like stimulation between 5-1000 Hz) would be re ected by changes in the dynamic property of H-wave amplitude uctuation, quanti ed by the scaling exponent α. On the other hand, our previous study found that the electrical noise injection attenuated both the uctuation of the motor unit discharge interval and that of the force output during the force matching task at 5% MVC [6] . Regarding this point, further experimental or simulation studies are required to assess the mechanism by which the shift of dynamic properties to white noise in alpha motor neurons accounts for the stability of motor unit discharges during low muscle force output. Application of the noise effect to sensorimotor control systems such as postural control system has been extensively reported. Speci cally, enhancement of somatosensation in the control system has been studied. For example, postural sway was attenuated by noise-like vibration applied to the soles of the feet [18, 19] or to the ngertip [5] , and by electrical noise injected into the knee joint [4, 20] . Also, the effect of noise intervention on the dynamic property of postural uctuation was reported [19] . Thus, while previous studies have revealed the noise effect on postural sway measures, our recent study [6] showed that injection of a minute electrical noise into an afferent nerve attenuated the uctuation of the motor unit discharge interval during a force-matching task at 5% MVC. Furthermore, the present result showed that the injected noise signi cantly changed the dynamic property of the H-wave amplitude. Therefore, the present result, suggesting a possible change in excitability of alpha motor neurons in the presence of noise stimulation, would be helpful for further understanding of the neural mechanism of the noise effect, especially the dynamic property of the sensorimotor control system. From the viewpoint of biomedical engineering, the present ndings would help further develop noise intervention as a exible method. In other words, understanding of the neural mechanism underlying the noise intervention effects would be helpful for practically optimizing its modality, intensity, frequency range, and dynamic property in order to achieve maximal effects of noise, which may vary from subject to subject.
Conclusion
Electrical noise injected into the skin over the muscle affects the dynamic property of the H-wave amplitude uctuation, with the possibility that the noise is transmitted to the alpha motor neurons by monosynaptic input. Further studies are needed to explore how the change in the dynamic property in uences the motor control system.
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